Amazing progress has been made in providing useful hearing to hearing-impaired individuals using cochlear implants, but challenges remain. One such challenge is understanding the effects of partial degeneration of the auditory nerve, the target of cochlear implant stimulation. Here we review studies from our human and animal laboratories aimed at characterizing the health of the implanted cochlea and the auditory nerve. We use the data on cochlear and neural health to guide rehabilitation strategies. The data also motivate the development of tissue-engineering procedures to preserve or build a healthy cochlea and improve performance obtained by cochlear implant recipients or eventually replace the need for a cochlear implant.
Introduction
The pioneers of the multichannel cochlear implant have created a wonderful tool that has enabled thousands of hearing impaired individuals to function almost normally in a hearing world (Clark et al., 1979 (Clark et al., , 1987 Hochmair-Desoyer et al., 1981; Hochmair et al., 2006; Schindler and Merzenich, 1985; Wilson et al., 1991; Wilson and Dorman, 2008) . At the same time, the cochlear implant has presented the research community with many interesting challenges, one of the most significant of which is dealing with a partially degraded auditory nerve, the target of cochlear implant stimulation. One of the first challenges we face is understanding how the condition of the nerve affects cochlear implant function and how we might use that understanding to improve the quality of perception that patients experience using the implant. These studies also motivate efforts to improve the health of the cochlea and the target neural population. Here we review approaches that our laboratories have used to address this challenge, aided by a rich base of research from other laboratories.
Results from early work relating neural status to performance with the implant have challenged the basic assumption that the condition of the auditory nerve is important for speech recognition with cochlear implants. Studies of the number of remaining spiral ganglion neurons (SGNs) in cadaveric temporal bones from deceased patients showed little relationship to cochlear-implant function in life (Khan et al., 2005a) . In fact in some cases, negative correlations between speech recognition and SGN counts have been found (Nadol et al., 2001; Fayad and Linthicum, 2006) . However, interpretation of these results is difficult because there are confounding variables, such as cognitive ability, that can contribute strongly to speech recognition using the degraded signals delivered by cochlear implants (Heydebrand et al., 2007) . In addition, the condition of the auditory nerve at the time of death might be different from the condition when the subject's ability to use the implant was assessed. In any case, the anatomical status of the auditory nerve (e.g., spiral ganglion cell counts and other Abbreviations: AAV, adeno-associated viral vector; Ad, adenovirus; ASM, acrosssite mean; BDNF, brain-derived neurotrophic factor; C level, maximum comfortable level; CUNY sentences, a sentence test developed at the City University of New York; DPI, days post implantation; EABR, electrically-evoked auditory brainstem response; ECAP, electrically-evoked compound action potential; GDT, gap-detection threshold; IHC, inner hair cell; MDT, modulation detection threshold; MPI, multipulse integration; N1, first negative potential; NT-3, neurotrophin-3 protein; NTF-3, neurotrophic factor-3 gene; P2, second positive potential; SGN, spiral ganglion neuron; SNR, signal to noise ratio; TI, temporal integration; T level, detection threshold levelanatomical features observable under the light microscope) might not be sufficient to characterize the health of the neural population since they might not reveal changes in the sensitivity or conductive properties of the nerves in a pathological state.
In the following sections, we review two approaches that we have taken to evaluate the importance of cochlear health for cochlear-implant function. The first approach (reviewed in Section 2) looks at variation in implant function across stimulation sites in a multichannel implant consistent with the assumption that the health of the cochlea and auditory nerve varies along the length of the cochlea. These studies use within-subject designs, reducing complications from confounding across-subject variables such as response criteria and cognitive ability. The second approach (reviewed in Section 3) is to directly compare cochlear implant function to observed anatomy across animals with a range of cochlear pathology. We then use functional measures that are correlated with cochlear pathology in animals to noninvasively estimate the health of the cochlea in humans who have various degrees of speech recognition performance. In Section 4, we review experiments designed to test the translation of our experimental results to the clinical practice of programming cochlear implant sound-processors, and in Section 5, we discuss biological approaches to improving cochlear health and cochlear implant function. Research protocols from our human and animal laboratories have been reviewed and approved by the University of Michigan Medical School Institutional Review Board (IRBMED) and the University of Michigan Committee on the Use and Care of Animals (UCUCA) respectively.
Across-site patterns of implant function in humans
It is clear from post-mortem studies of temporal bones in people who would have been candidates for cochlear implants, as well as those who had cochlear implants, that pathology along the length of the cochlea in the deaf or deaf-implanted ear is not uniform and that the pattern of pathology along the length of the cochlea differs across individuals (Hinojosa and Marion, 1983; Khan et al., 2005b) . If the pathology has a significant influence on implant function, it follows that functional responses to cochlear implant stimulation should differ across stimulation sites along the electrode array in individual users and across users. The functional response to stimulation of individual electrodes in the cochlear implant can be assessed using psychophysical or electrophysiological measures. For speech signals, which require stimulation of multiple electrodes, we can assess the importance of individual stimulation sites by selecting specific sites for the processor map. These approaches are detailed below.
There are now a relatively large number of studies that have assessed cochlear implant function for each individual electrode along the length of the cochlear implant electrode array (Zwolan et al., 1997; Donaldson and Nelson, 2000; Bierer and Faulkner, 2010; Pfingst et al., 2008; Garadat et al., 2012) . These studies reveal several important characteristics: (1) the functional response to electrical stimulation varies appreciably from one stimulation site to the next along the electrode array; (2) the across-site patterns of implant function are different for each subject; (3) for a given subject, the across-site patterns are stable over time in most of the cases that have been tested to date; and (4) the across-site pattern in a given subject is not the same for all measures.
Examples of patterns of across-site variation in modulation detection thresholds for 12 different subjects are shown in Fig. 1 . The variation from one stimulation site to the next is consistent with the idea that implant function depends on conditions near the stimulating electrodes. Contributions of more central processes, such as the ability of the subject to interpret signals coming from the periphery, would be expected to be more uniform across stimulation sites compared to contributions of conditions near the stimulation sites. The long term stability of the across-site patterns (Fig. 2) suggests that they are rooted in physical conditions in the cochlea and are not due to random trial-to-trial variations such as variation in the subject's attentional state. If the functional measures are dependent on conditions near the implanted electrodes, it is reasonable to expect occasional changes at some sites due to changing conditions in the cochlea (neural degeneration, tissue growth, etc.) and we do occasionally see such changes. However, for most of the cases in Fig. 2 , the patterns were unchanged from the first test to when a second test was done 1.3 to 3.0 years later. It is important to note that the initial data in this test for stability were obtained in subjects who had been using their implants for a long time. The first data were obtained an average of 4.6 years (range of 1.6 to 8.5 years) after implantation. Conditions might have been less stable immediately after implantation. The fact that the across-site patterns of MDTs and masked MDTs are different for each subject (Fig. 1) suggests that the pattern is due to pathology or other conditions near the electrodes and not due to the normal variation in anatomy or physiology as a function of apical-basal position in the cochlea. We cannot say, based on these data, what conditions near the implant are affecting the functional measures. However, we have found that for any given subject, the across-site patterns for various measures of implant function are not the same for all measures, suggesting that the underlying mechanisms differ across measures. Examples of across-site patterns for six different measures are shown for two subjects in Fig. 3 . Performance that is relatively good at one site on one measure might be relatively poor at the same site for another measure. For Fig. 3 . Across-site patterns for six psychophysical measures in two subjects (one subject per column). The measures are from the top absolute detection threshold (T level), maximal comfortable level (C level), modulation detection threshold (MDT), modulation detection threshold in presence of a masker on the electrode immediately basal to the probe (masked MDT), gap-detection threshold (GDT), and slope of the multipulse integration function (MPI slopes). All measures were obtained using an MP 1 þ 2 configuration. The supra-threshold functions were measured at levels corresponding to 50% of the site's dynamic range. More information about methods used to collect these types of data can be obtained from previous publications from this laboratory. For T levels, C levels and MDTs and masked MDTs, see Garadat example, for Subject 60's right ear (S60R), modulation detection thresholds (MDTs) are high (poor) at the most basal stimulation sites (especially site 1), lowest (best) around stimulation site 7, and highest (poorest) around stimulation site 13. For the same ear, gapdetection thresholds (GDTs) are also high (poor) at site 1 and low (good) around site 8 but they remain low at the more apical sites where the MDTs are poor. Thus, the simple notion that one functional measure can be used to identify all aspects of cochlear pathology is not valid. Reductions in the number of stimulable neurons might affect one functional measure while another functional measure might be dependent on temporal properties of the surviving neurons and be unaffected by fiber density.
Stimulation sites
Differences in the probable mechanisms underlying various functional measures of implant function can be illustrated by comparing across-site patterns of response to electrical stimulation using absolute detection thresholds versus modulation-detection thresholds. Variables that result in an increase in absolute detection thresholds do not necessarily cause an increase in modulationdetection thresholds. We examined the relationship between across-site patterns of detection threshold levels (T levels) and modulation-detection thresholds (MDTs) in 12 ears with cochlear implants. In 8 of the 12 cases, the across-site correlations between T levels and MDTs were not statistically significant (p > 0.05) suggesting that T levels are not a reliable predictor of MDTs. This suggests that the mechanisms underlying high T levels and high MDT levels are not the same.
At least two variables are thought to affect the levels of current required for absolute stimulus detection: distance of the electrodes from the neurons (Shepherd et al., 1993 ) and a second variable such as the condition of the stimulated population of neurons (Long et al., 2014) . The second variable, i.e., what remains after accounting for the distance of the electrodes from the modiolus, has been shown to be important for speech recognition (Long et al., 2014) . In a multi-electrode implant it is likely, for example, that elevations in detection thresholds at some of the sites along the length of the cochlea are due primarily to distance from the electrodes to the nerves and elevations at other sites are most influenced by neural pathology. The latter mechanism might also affect modulation detection, resulting in high correlations between the two measures, but the former, not so much.
The magnitude of across-site variation in absolute detection thresholds is strongly influenced by the electrode configuration Bierer, 2007) . The across-site variation is much smaller for monopolar than for bipolar or tripolar configurations, suggesting that the degree of current spread near the stimulation site affects the magnitude of threshold variation. In contrast, the across-site variation in modulation-detection thresholds for bipolar stimulation is similar to that for monopolar stimulation (Pfingst, 2011) . This suggests that the MDTs might be less dependent on the number of surviving SGNs close to the stimulation site and more dependent on temporal-or intensity-encoding properties of those neurons.
We use site-selection strategies to determine the effects of cochlear health on speech recognition. Most users of cochlear implants require multiple stimulation sites with frequency-specific channels of information distributed along the tonotopic axis of the cochlea in order to achieve reasonable speech perception. However, it is not always advantageous to use all of the available sites. Speech recognition scores typically increase as a function of the number of channels up to at least 8 channels (Friesen et al., 2001 ) and we have found that some subjects can benefit from many more channels. We can test the effects of estimated cochlear pathology on speech recognition performance using multichannel speech processors by selecting sites for the speech processor map that we estimate to be good or poor based on a psychophysical or electrophysiological measure of performance for stimulation of the individual stimulation sites. An example of such an experiment is illustrated schematically in Fig. 4 and in detail in the paper by Garadat et al. (2012) . In this case, the stimulation sites were selected based on masked modulation detection thresholds (i.e., MDTs measured in the presence of an unmodulated masker on an adjacent stimulation site). Electrodes 1 and 22 in the 22-electrode array were excluded and the remaining 20 electrodes were divided into 5 four-electrode segments. The two sites from each segment that had the lowest (best) MDTs were selected for one processor map and the two sites per segment that had the highest (worst) MDTs were selected for the other map. Dividing the electrode array into 5 segments allowed us to maintain stimulation along the whole tonotopic axis when selecting high-MDT or low-MDT stimulation sites. Testing the high-MDT and low-MDT maps in the same subject allowed us to avoid complications by other subject-specific variables that could make interpretation of across-subject comparisons difficult. Twelve subjects were tested in this experiment and all 12 showed better speech recognition in noise with the low-MDT map (better modulation detection) than with the high-MDT map (poorer MDT detection). This suggests that the conditions near the stimulating electrodes that yielded high or low MDTs were important for recognition of speech signals, particularly sentences in noisy backgrounds.
The magnitude of across-site variation in functional measures might be another indication of cochlear pathology. If cochlear Poorer−performing sites Stimulation Sites Masked MDT (dB re 100%) Fig. 4 . Examples of a site-selection strategy to test the relevance of MDTs for speech recognition, based on the study by Garadat et al. (2012) . Two 10-electrode processor maps were created: one with 10 of the better-performing sites (red circles in the top panel) and one with 10 poorer-performing sites (blue circles in the bottom panel). To maintain coverage of the full range of place-pitch information, the electrode array (electrodes 2 through 21) was divided into 5 segments and two sites were selected from each segment. Speech recognition, particularly sentence recognition in noise, was better in most subjects when the map with the better-performing sites was used. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) pathology is minimal, the conditions along the length of the cochlea are more likely to be uniform. Consistent with this idea, the magnitude of across-site variation in detection thresholds has been found to be correlated with speech recognition . This measure is strengthened by correcting for across-site variation in distance of the electrodes from the modiolus (Long et al., 2014) . However, the correlation could be weakened in across-subject comparisons due to confounding across-subject variables.
The data on across-site patterns of implant function in humans described in this section provided indirect evidence that conditions in the cochlea near the individual sites of stimulation affect implant function, including recognition of speech signals. The data also suggest that the conditions affecting function are not the same for all measures of function. However these data do not tell us the specific conditions that affect each measure. Additional insight into the relationship between cochlear conditions and implant function can be gained from direct comparison of anatomy and cochlear implant function in animal models.
Relation of cochlear health to implant function in animals
One of the advantages of using experimental animal models is that these experiments provide better control over events occurring between the functional assessments and harvesting of the temporal bones for histological analysis. By better understanding the relationship between simple functional measures and neural anatomy near the implant, one can develop non-invasive measures that can be used to estimate nerve survival in humans at the time when more complex functions such as speech recognition are assessed.
In studying cochlear implant function in animal models, as in humans, it is important to consider the time course of events after implantation. We have consistently found that implant function assessed at the behavioral and electrophysiological levels is unstable during the first weeks after implantation (Pfingst, 1990; Su et al., 2008; Watts et al., 2014) . Typically, psychophysical and electrophysiological thresholds rise, sometimes dramatically, during the first few days after implantation and then slowly recover to reach a relatively stable lower level. A probable contributor to this initial fluctuation is an inflammatory response to the implantation and/or to any deafening treatment that preceded implantation. It can occur following implantation in a hearing ear. Since SGN cell bodies do not regenerate once they are lost, this rise and recovery of thresholds is not due to changes in SGN density, though it might be due to a temporary loss of function or reduction of sensitivity of SGN cells. In humans these changes are not often seen because the patients are typically not tested until the prosthesis is activated several weeks after implantation. In any case, it is clearly important to follow implant function over time until stable before obtaining data to relate function to SGN survival.
Our research in guinea pigs has focused on two closely-related psychophysical measures (temporal integration; TI and multipulse integration; MPI) and two closely-related electrophysiological measures (ECAP growth functions and EABR growth functions) that are correlated with SGN density (Kang et al., 2010; Pfingst et al., 2011 Pfingst et al., , 2014 . These measures are based on commonly used clinical measures so they would involve tasks that require little or no training of the patients. This is in contrast to previously used measures such as MDTs which are too time consuming to use for analysis of the implant in a busy cochlear implant clinic. In our guinea pig subjects, the functional measures were assessed in longterm implanted animals after psychophysical and electrophysiological responses had stabilized. In these studies various levels of nerve survival across animals were created using a variety of procedures and the functional data were collected for electrodes located in the lower half of the basal turn. To create a wide range of nerve survival across animals in this region, a variety of treatments were used. Some animals were implanted in a hearing ear. The implant insertion created various amounts of damage, but typically some IHCs were preserved and SGN preservation ranged from moderate to very good. Other animals were deafened by cochlear infusion with neomycin prior to implantation. This typically destroyed all hair cells and most supporting cells and resulted in SGN degeneration to low levels within a month after injection. A third group was deafened with neomycin but then inoculated with a viral vector containing a neurotrophin gene insert. The vector transfected the mesothelial cells in the scala tympani and upregulated production of neurotrophins, which resulted in greater SGN preservation than in animals receiving neomycin alone. Additional details regarding the neurotrophin gene therapy procedures are reviewed in Section 5.
Psychophysical temporal integration and multipulse integration functions
Examples of temporal integration (TI) functions (detection threshold versus pulse-train duration for fixed-rate pulse trains) are shown in Fig. 5 and quantified in Table 1 . As the pulse-train duration increased up to about 300 ms, thresholds decreased, as is typical in classic temporal-integration experiments (Gerken et al., 1990; Shannon, 1989) . In a healthy cochlea that had surviving IHCs and high SGN densities (>70% of normal) near the cochlear implant electrodes, we found that thresholds decreased as a function of stimulus duration more rapidly than in cases with poorer nerve survival ( Fig. 5 and Table 1 ).
Multipulse integration (MPI) functions (detection threshold versus pulse rate functions for fixed-duration pulse trains) show similar characteristics to the TI functions, particularly below 300 pps. In both cases, thresholds decrease as the number of pulses in the stimulus increase, although the underlying mechanisms vary across pulse rates (Viemeister and Wakefield, 1991; McKay et al., 2013b; Zhou and Pfingst, 2013) . The best correlations with measures of cochlear health were for pulse rates below 1000 pps . In most ears with preserved hearing, surviving IHCs, and SGN densities greater than 70% of normal, thresholds decreased as a function of pulse rate with slopes of 1 to 3 dB per Table 1. doubling of pulse rate. However, in ears without IHCs and with SGN densities less than 70% of normal, we found that the MPI functions were very shallow with slopes less than 1 dB per doubling of pulse rate. These conclusions are based on data from 50 animals with a large range of SGN and IHC survival Zhou and Pfingst, 2014a) . Also, from published reports we know that human subjects can maintain SGN densities at high levels for long periods of time in the absence of IHCs (e.g., Hinojosa and Marion, 1983) . Thus, we believe that IHCs are not necessary to achieve steep MPI functions but that other aspects of cochlear health, such as SGN density, that are supported in the guinea pig animal model by the presence of IHCs, are the underlying variables necessary for multipulse integration and temporal integration. It is important to note however that, in the studies conducted to date, the anatomical and electrophysiological measures used to assess cochlear health account for only about 50% of the variance across animals in MPI slopes . Thus it seems that multiple measures of cochlear health, in addition to SGN density, will be needed to fully understand the mechanisms underlying this measure of cochlear implant function.
To determine the relationship between the level of cochlear health as assessed by MPI function slopes and cochlear implant function as assessed by speech recognition in humans, we used a within-subject design in people with bilateral cochlear implants. Specifically we tested the hypothesis that the ear differences in speech recognition in subjects with bilateral cochlear implants could be predicted by ear differences in the slopes of MPI functions. This design allowed us to estimate cochlear-neural health in the same test session where speech recognition was measured. By using a within-subjects design, we reduced confounding effects of across-subject variables.
We hypothesized that the effects of sparse neural survival on speech recognition would include reduced resolution of spectral information. With sparse neural survival, stimulation of the individual electrodes would not be as effective at targeting independent populations of neurons, and this could result in a reduced number of effective spectral channels and smeared neural representation of spectral envelopes. The reduced spectral resolution would make listening in fluctuating noises particularly challenging because the implant users would be less able to segregate the target speech signals from the background noise. The smeared neural representation of spectral information would lead to difficulties with perceiving speech features that depend on spectral acoustic cues.
In 8 bilaterally implanted listeners with different degrees of ear asymmetry, we found that the ears with better cochlear health as estimated by the slopes of the MPI functions were also those that performed better in sentence recognition in an amplitudemodulated noise background and phoneme recognition at challenging signal to noise ratios (SNRs) (Zhou and Pfingst, 2014a) . The magnitude of ear differences in the MPI slopes also proportionally predicted the magnitude of the subjects' ear differences in speech reception thresholds (signal to noise ratios required for 50% correct recognition of CUNY sentences), consonant recognition at 0 dB SNR, and perception of the place of articulation feature of consonants. More interestingly, perception of various consonant sounds that have distinct spectral correlates was correlated with estimated neural survival in the corresponding frequency regions accessed by the implant. It should be noted that these ear differences did not seem to be related to the subjects' duration of experience with the device. These findings were consistent with our hypotheses that cochlear health is important for speech recognition in fluctuating noises and perception of spectral cues.
Objective electrophysiological measures
Several electrophysiological measures of implant function have been shown to correlate with nerve survival in animal models. These include electrically-evoked auditory brainstem response (EABR) inputeoutput (growth) functions (Smith and Simmons, 1983; Hall, 1990) and various derivatives of electrically-evoked compound action potential (ECAP) growth functions (PradoGuitierrez et al., 2006; Ramekers et al., 2014) . Fig. 6 shows examples of ECAP growth functions for guinea pigs with various levels of SGN density in the region of the implant as detailed in Table 1 . In contrast to the psychophysical TI and MPI functions, which were most effective at distinguishing between very high levels of cochlear health and all lower levels of health, the ECAP growth function slopes are reasonably good at reflecting cochlear health throughout a large range of SGN densities in the absence of hair cells . However, the spiral ganglion cell densities account for only about 50% of the variance in the ECAP growth function slopes. Note that positions of the curves along the abscissa, as reflected in the current required to evoke a 100 mV ECAP response (Table 1 , column 7), are not predictive of nerve survival, but the slopes (rate of growth as a function of input level; Table 1 , column 6) are. We found similar results for electrically-evoked auditory brainstem (EABR) amplitude-growth functions .
We are currently examining ECAP growth functions in humans. Preliminary results indicate that (1) the slopes vary from one Table 1 Relation of functional measures to anatomical measures of cochlear health for 5 guinea pig ears with various degrees of SGN density near the cochlear implant. Spiral ganglion cell densities (column 2) and inner hair cell (IHC) presence (percent of normal; column 3) were assessed in the region of the implant and just apical to the implant. Temporal integration (TI) slopes (dB/doubling of pulse-train duration; column 4) and psychophysical detection thresholds for single biphasic pulses (column 5) are based on the data shown in Fig. 5 . These data were obtained during a period when the psychophysical data were relatively stable. Means of three repeated threshold estimates are shown. Slopes for electrically-evoked compound action potential (ECAP) amplitude-growth functions (column 6) are based on best linear fits to the data shown in Fig. 6 . Slopes were fit to data above 100 mV to be above the noise floor. ECAP thresholds (current required to evoke a 100 mV ECAP response; column 7) were calculated from these regression lines. The ECAP data were obtained at about 150 DPI, when slopes and thresholds were relatively stable. Column 8 indicates the symbols used in Figs. 5 . Further work is needed to study the implementation of advanced ECAP measures such as amplitude-growth functions or spread-ofexcitation measures as these could serve as an efficient, objective means to improve programming if efforts are successful.
Potential clinical applications
The current knowledge of how pathology affects cochlear implant function has motivated studies aimed at improving speech recognition by using data on the across-site patterns of cochlear health in the implanted ear to guide processor fitting. The idea is to use stimulation sites that are in healthier regions of the cochlea and to avoid or rehabilitate sites that are in poorer regions. We refer to these approaches as "site selection" and "site rehabilitation" strategies.
Site-selection strategies
One approach for applying functional data to processor fitting is to simply turn off a few sites that have been judged to have poor function based on psychophysical or electrophysiological data. To test the clinical feasibility of this approach, we turned off selected sites in the processor maps of long-time stable users of cochlear implants. We compared speech recognition results obtained with these experimental maps to results obtained with the subjects' everyday-use maps. In one of the first experiments with this approach, Zwolan and colleagues created experimental processor maps that contained only stimulation sites that were discriminable from neighboring sites. With these maps, 7 of the 9 subjects obtained better speech recognition scores on at least one of a variety of speech recognition tests relative to performance with all stimulation sites. In a later experiment (Garadat et al., 2013) , we used masked modulation detection thresholds (masked MDTs) as the functional measure for site selection. To avoid creating large gaps in the tonotopic map, we divided the electrode array into 5 segments and turned off only one site in each segment. In this strategy, the bandwidths of the remaining stimulation sites were broadened after site removal in order to transmit the complete speech spectrum. This resulted in better mean performance across all sites in MDTs but by broadening the frequency allocation to each of the remaining channels we slightly reduced the spectral resolution of the processor map. We found better speech recognition in noise (correct performance at more challenging signal to noise ratios) in all 12 of the tested subjects compared to performance with their everyday speech processor map, consistent with the better mean modulation detection ability. However, we found some negative effects on vowel recognition, consistent with the reduced spectral resolution.
The problem of reduced spectral resolution can be avoided in patients who have bilateral implants. With bilateral implants, frequency reallocation might not be necessary because the missing frequencies at the removal sites in one ear can be represented at the corresponding stimulation sites in the contralateral ear. Given that the spectral information across the two ears is cohesively fused centrally, a complete spectrum can be transmitted without having to compromise spectral resolution, and the overall psychophysical acuity can be improved at the same time. This dichotic site selection strategy was tested in 8 subjects with bilateral implants. The strategy effectively improved the subjects' recognition of sentences and consonants in noise, as well as vowels, relative to the subjects' performance using their everyday map . Despite the fact that the subjects might have different insertion depths for the two implants, they all demonstrated cohesive spectral fusion of the dichotic signals by reporting hearing one sound from the two implants.
Site rehabilitation
Instead of removing poorly performing sites, an alternative to improving overall modulation sensitivity is to improve performance at the sub-optimal sites by adjusting their stimulation parameters. This site rehabilitation strategy is based on the fact that modulation sensitivity improves as a function of stimulation level (Pfingst et al., 2007) . In a recent experiment (Zhou and Pfingst, 2014b) , we increased the stimulation levels at poorly performing sites. The manipulation was hypothesized to improve modulation detection at the poorly performing sites, which in turn would improve speech recognition. Results from 9 subjects showed significantly improved speech reception thresholds using the sitespecific level-adjusted maps (Zhou and Pfingst, 2014b) . Interestingly, increasing the stimulation levels at all sites by the same amount did not improve speech reception thresholds. Modulation sensitivity at the adjusted levels at the sub-optimal sites was improved relative to that prior to level adjustment, suggesting that the improvement in speech reception thresholds following sitespecific level adjustments was a result of increased acuity for detecting envelope modulation.
Future directions
The effects of these optimization strategies have only been tested acutely. The results were promising since long term training might further enhance these benefits. Preliminary results with a limited number of subjects have shown that although speech recognition performance fluctuates over time, the relative differences between the optimized map and the subject's everyday map remains. Studies designed for systematic long term training are warranted to examine whether these benefits could be further increased. Subjective reports from patients reveal that these Fig. 6 . Examples of ECAP amplitude-growth functions from the same five animals for which TI data are shown in Fig. 5 . The N1 to P2 ECAP amplitude (mV) was used because P1 was usually obscured by stimulus artifact. Growth function slopes, but not thresholds were correlated with the degree of SGN survival as detailed in Table 1. optimized processor maps provide a perceptual clarity and are helpful in their daily communications.
Many of the site selection and site-rehabilitation strategies tested to date are too time consuming for everyday use in the clinic. A goal for future studies is to identify simpler and more efficient measures for identifying the better and weaker sites in the cochlear implant electrode array so that the clinician can quickly determine which sites to choose for the processor map and/or for parameter adjustment.
Improving cochlear health
The ultimate goal for tissue engineering approaches addressing cochlear pathology is to bring the cochlea to a normal healthy state, at which point the cochlear implant will be obsolete. While achieving that goal seems distant, many partial successes in preserving and/or regenerating the biology of the cochlea can be applied today and in the near future to enhance the function of the cochlear implant. From the studies reviewed in Sections 2 and 3, it is evident that conditions near individual electrodes in the cochlear implant are important for various features of implant function, including speech recognition in background noise. While the specifics of which conditions are important for implant function are not known, strong candidates include the number of surviving spiral ganglion cell bodies and central processes, the presence or absence of auditory nerve peripheral processes, and the health of the surviving neurons, which is likely influenced by the presence of inner hair cells and supporting cells. Surgical and tissue engineering techniques are being developed that can support the survival, and in some cases regeneration or replacement, of these basic elements. These will be reviewed in Subsections 5.2 and 5.3 below.
Hearing preservation
Cochlear implant functionality has improved dramatically since the original single-channel implants. As the quality of speech recognition achieved with cochlear implants increases, the implants are becoming the therapy of choice for people who have some residual hearing but are achieving inadequate benefit from acoustic hearing aids. Thus, many patients are being implanted in ears that still have some acoustic hearing. A number of studies in humans and animals have shown that at least some residual acoustic hearing can be preserved by using less traumatic implant designs, careful surgical technique (often referred to as "soft surgery") and pharmacological agents such as steroids (e.g., Turner et al., 2008; Kang et al., 2010; Pfingst et al., 2011; von Ilberg et al., 2011) . Such residual hearing in implanted ears can supplement electrical hearing by providing temporal fine structure and lowfrequency hearing that is usually not adequately provided by the implant. Importantly however, these procedures also serve to preserve the health of the implanted cochlea and auditory nerve, providing functional benefits for electrical hearing per se as detailed in Section 3 above.
Neural preservation
One of the benefits of preservation of IHCs, as noted above, is that they support the preservation and health of the auditory nerve. Supporting cells in the organ of Corti can serve a similar function (Sugawara et al., 2005) . In cochleae where IHCs and supporting cells are absent or nonfunctional, auditory-neuron preservation can be enhanced by delivering one or more therapeutic reagents. The most common molecules used in laboratory animal experiments to maintain the neural substrate in deaf ears are neurotrophins (Budenz et al., 2012; Ramekers et al., 2012) . Neurotrophins are soluble molecules that are secreted by cells and act by binding to cell surface receptors (von Bartheld and Fritzsch, 2006) . Once binding occurs, the receptors undergo dimerization and autophosphorylation. This leads to activation of downstream signaling pathways, resulting in a diverse range of cellular responses including survival, growth, proliferation and more, depending on the stage of development and type of cell. NT-3 and BDNF have been the most commonly used neurotrophins for preserving auditory neurons. Nerve preservation with neurotrophins has been demonstrated in several animal models for human disease, including ototoxicity (Shibata et al., 2011; Wise et al., 2005) and hereditary-based deafness (Fukui et al., 2012; Takada et al., 2014; Yu et al., 2014) .
To be clinically applicable, the delivery of neurotrophins will need to be accomplished by a delivery method that can maintain long term presence of neurotrophins in the cochlear fluids. Although there is currently no perfect delivery vehicle, several methods are showing progress and promise. Delivery via viral vectors, especially adeno-associated viral vectors (AAVs), may lead to long term gene expression with little or no side effects (Lalwani et al., 1998; Sapieha et al., 2006) . Long-term survival of the mesothelial cells that are transfected when the AAVs are injected into the scala tympani is prerequisite for sustained neurotrophin secretion. The extent of turnover in this tissue needs to be better characterized. Cochlear implants with drug-eluting capability offer another method for secretion of neurotrophins (or other reagents) into the cochlea (Jolly et al., 2010) . The advantage of the latter method is the lack of any risks associated with viral vectors and the ability to control the concentration and rate of delivery. Other methods such as mini-osmotic pumps or electroporation of naked DNA may be used for short term delivery of neurotrophins (the former) or the genes encoding them (the latter) (Hendricks et al., 2008; Pinyon et al., 2014) .
Preserving fluid spaces
The presence of fibrous tissue in the scala tympani is a common finding in animal and human ears that receive cochlear implants. Because the fibrous tissue is in close proximity to the implant electrodes, it can lead to increased impedance and might have a negative impact on hearing with the prosthesis. Models to address the effects of fibrous tissue on current spread (Hanekom, 2005) may be helpful for further elucidating the interaction between the electrode and the cochlear fluid space. Adverse effects, including uncontrolled ossification of the cochlea leading to resorption of all neural substrate, suggest the need to better understand the causes for connective tissue growth and means to prevent or reverse it.
One commonly discussed cause for connective tissue growth is an inflammatory response. An attempt to reduce inflammatory tissue response with intraoperative intracochlear steroid deposition has shown lower postoperative impedances (e.g., Paasche et al., 2009) . Advances in elucidating the signals that mediate the immune response in the cochlea were recently accomplished by challenging the ear with an immunogenic reagent lipopolysaccharide (LPS) and then assessing levels of micro-RNAs. The study has identified three different micro-RNAs that were elevated (Rudnicki et al., 2014) . These molecules can serve as targets that may be blocked for preventing inflammatory reaction thereby reducing the connective tissue growth.
Regeneration

Auditory nerve peripheral processes
In the deaf cochlea, peripheral processes of the auditory nerve which once innervated the inner hair cells tend to die back, leaving the cell body and central axon intact and available for activation by electrical stimulation. It is generally believed, but not yet proven, that if the peripheral processes can be induced to grow toward the implanted electrode array, cochlear implant function will be improved. Hypothesized benefits of regrowing the peripheral processes include reduced thresholds and improved spatial resolution (reduced channel interaction).
Experiments using BDNF or NT-3 have shown that elevated levels of the neurotrophins in the cochlear fluids attract sprouting of auditory nerve fibers toward the source of the neurotrophins (Glueckert et al., 2008; Shibata et al., 2010; Wise et al., 2010) . We have used adeno-associated viral vectors (AAVs) with neurotrophin gene inserts to upregulate production of neurotrophins in the deaf ears. When introduced into the scala tympani of ears with no hair cells or supporting cells, these vectors can transfect cells in the mesothelial layer lining the scala tympani and secrete the neurotrophin which can then attract neurites to grow toward the source of the neurotrophin in the area where the cochlear implant electrodes would reside (Fig. 7) .
Inner hair cells
An additional way to enhance the cochlear substrate is by generating new inner hair cells. These may help sustain the neurons and may also contribute to the acoustic hearing in treated ears. Early demonstration of hair cell regeneration in explants of mature mammalian ears has been accomplished using overexpression of developmental genes (Shou et al., 2003) . This was followed by demonstration of new ectopic hair cells in mature guinea pig ears (Kawamoto et al., 2003) . Once a substantial number of new IHCs can be reliably grown in deaf ears, their contribution would be to significantly enhance the outcome of the prosthesis and possibly to replace it. It is therefore imperative that implanted ears retain as much as possible of the original auditory epithelium, which can serve as a substrate for hair-cell regeneration.
Spiral ganglion cells
In addition to replacement of hair cells, placing new neurons in the cochlea is being experimentally pursued for treating ears with a severe or complete loss of auditory neurons. The use of stem cells is the most feasible approach for introducing new neurons into the cochlea. Several groups have been able to accomplish this goal (Bas et al., 2014; Shi and Edge, 2013) and improvement in auditory brainstem response (ABR) thresholds in an animal model of auditory neuropathy has been demonstrated (Chen et al., 2012) .
Conclusions
Several lines of evidence strongly suggest that conditions in the cochlea and the auditory nerve in localized areas near the cochlearimplant electrode array play an important role in implant function. Psychophysical and electrophysiological studies in human subjects demonstrating subject-specific patterns of implant function that vary considerably from one stimulation site to the next are most easily explained in terms of variation in conditions near the individual electrodes in the scala tympani. These conditions could include proximity of neurons to the electrodes, the health of those neurons and the presence of bone or fibrous tissue in the current paths from the electrodes to the neurons. The functional measures have been used successfully to guide processor fitting, resulting in improved speech recognition in human cochlear implant users. Psychophysical and electrophysiological studies in animals show across-ear differences that are correlated with anatomical measures of cochlear conditions and neural health. However, the anatomical measures examined to date generally account for only about 50% of variance in the psychophysical or electrophysiological measures of implant function (e.g., Pfingst et al., 2011 Pfingst et al., , 2014 . Additional research is needed to understand the relationship between cochlear structure and implant function. For clinical application it is critical to understand the relationship between psychophysical and electrophysiological measures of implant function, cochlear health, and speech recognition. The literature documents a wide range of successes and failures from attempts to predict speech recognition based on psychophysical and electrophysiological measures and to apply these measures in clinical practice (e.g., Fu, 2002; Miller et al., 2008; Hughes and Stille, 2008; McKay et al., 2013a) , so much work remains to be done. Overall, the studies described in this paper demonstrate the importance of cochlear health for cochlear implant function and support ongoing tissue engineering experiments in animals that are designed to improve the conditions in the cochlea and improve the function of the cochlear implant, or in the long run possibly enable normal hearing. Fig. 7 . Example of neurite growth toward the basilar membrane area in a deaf, neurotrophin treated ear. A whole-mount of the basal turn of the guinea pig cochlea stained for neurofilaments (red) and actin (green) and viewed with epi-fluorescence is shown. The ear was deafened with neomycin, injected with AAV.NTF-3 a week later and obtained for histology 3 months after that. The auditory epithelium does not contain differentiated hair cells or supporting cells. Instead, it is composed of flat or cuboidal simple epithelium. Nerve fibers are seen entering the epithelium and traversing the epithelial cells. This experiment was similar to that reported by Shibata et al. (2010) except that AAV was used in this case instead of Ad as the vector for gene therapy. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
